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Jet Apparatus (MIJA) are given in Section 4, decribing the derivation of the threshold
velocity for a GeC coated ZnS system. The improvement in threshold velocity over that
of the uncoated substrate is marginal. The technique used relies on measuring the
maximum velocity at whi:h the specimen was impacted in a given run. Recent developments
of the apparatus have reduced the spread in jet velocities and will therefore simplify
the procedure Zor evaluating threshold velocities. The final section details some of
the new experimental techniques used in the laboratory for evaluating the mechanical
properties of thin films and the thermal upshock resistance '3f brittle materials. A
paper on the sand erosion of CVD diarond films is included as an appendix.
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1 INTRODUCTION

This report contains recent results on :-'c sulphide and other IR transparent window

systems. The first section describes an investigation into the stress corrosion

characteristics of zinc suiphide using the double torsion geometry. The results suggest
that zinc sulphide is susceptible to moisture enhanced slow crack growt!i but to a lesser

extent than, for instarce, soda lime glass.

The second section discusses 'the correct experimental procedure for the Brazilian test

and then uses this geometry to determine the variation of both zinc sulphide and

germanium fracture stress as a function of temperature.. The average fracture stress

fluctuates (as does the associated error) but remains above the room temperature value

within ,he temperature range -70 OC to 600 °C.

The third section contains results from the bursting disc test performed on large (125 mm

diameter by 5.45 mm) zinc sulphide windows rather than small (25 mm or 50 mm

diameter) test pieces. The agreement between. the results for the small and larg..i scale

samples suggests that the small samples give a good representation of the strength of a

full size window rand that the surface finish achieved on the small discs can be reproduced

in the larger discs.

Some results from the Multiple Impact Jet Apparatus are given in the fourth section.

describing the derivation of the threshold velocity for a germanium carbide coated zinc

sulphide system. The improvement in threshold velocity over that of the uncoated

substrate is marginal. The technique used relies on measuring the maximum velocity at

which the. specimen was impacted in a given run. Recent developments of the apparatus

have reduced the spread in jet velocit~es and will therefore simplify the procedure for

evaluating threshold velocities.

The next section details some of the new experimental techniques used in the laboratory

for evaluating the mechanical properties of thin films and the thermal upshock resistance

of brittle materials.

A paper on the sand erosion of CVD diamond films is included as an appendix. NTIS CRA&IOOTIC TAB 0
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2.1 THE STRESS CORROSION OF ZINC SULPHIDE

The stress experienced by a typical zinc sulphide window under standard flight conditions

can be calculated and compared to the material's fracture stress. However if the stress

levels, while below the critical stress intensity factor, are sufficient to cause sub-critical

slow crack growth, delayed failure of the component may occur. The conditions for slow

crack growth are discussed in the following section. The extent of this effect for zinc

sulphide is ther evaluated using the double torsion geometry.

2.2 SLOW CRACK GROWTH IN BRITTLE MATERIALS

Crack propagation in brittle materials initiates when the stress concentrated at the crack

tip becomes sufficient to break the chemical bonds there. The critical stress intensity
factor (the stress' intensity factor (KI) at which a crack propagates in an inert

environment) depends, .herefore, on the energy required to break these bonds. !- :he case

of glass, the hydroxyl and hydrogen groups from atmospheric water can attach to the

breaking bonds at the crack tip and this process provides a low energy pathway for the

cleavage of these bonds. The presence of water in the air, therefore, allows crack
propagation to occur at a stress intensity below the critical value. This phcnomenon is

called Stress corrosion.

1 The graph of crack velocity against stress
region Iintensity factor for a specimen in a moist

> I environm,-it has a very distinctive shape

region and this be seen in Figure 1. KIA is the

stress in +-ty factor above which slow
crack propagation occurs in the test,

ion I atmosphere. KIC' is the critical stress

"intensity fac'tor, the stress intenity factor

KIA required to cause a crack to grow in an inert
. In K N atmosphere. The reasons for this distinctive

Figure 1 shape are given below.
After Pictka and Fullcr

. (1979).
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2.2.1 Region I

The behaviour in Region I at a constant temperature can be described by the following

equation (Lewis and Karunaratne, 1981):-

Vc==A (KI)n {II

where: Vc = crack velocity

KI = stress intensity factor

A and n are material constants for a given environment

This region is the most crucial for evaluating component lifetimes since it'defines the slow

crack growth. Once the crack has grown to such an extent that the value of KI has left the

region the component's lifetime can often be measured in seconds. Wiederhorn and Bolz

(1970) assessed the effect of increasing temperature on the curve for glass, and showed

that, up to temperatures of 90 °C, the line in this region shifts to lower stress intensity

factors with nQ change of gradient (see also Freimarn, 1980).

There is a theoretical minimum value of KI at which there is no crack growth at all

(Davidge, 1979), although slow crack growth continues down to such low crack velocities

that this minimum is extremely difficult to detect experimentally.

2.2.2 Region II

The distinctive plateau region (Region II) occurs because as the crack accelerates it

reaches a regime where the crack velocity is such that the atmospheric water cannot

diffuse into the opening crack fast enough to'reach the crack tip. This is, therefore, the
limiting crack velocity at stress 'intensities below the critical value (KIC) and is highly

dependent on the amount of corroding medium in the atmosphere. The value of KIA is less

sensitive to the composition of the atmosphere. In the case of glass for instance.

increasing the moisture content of the test environment increases the velocity at which

this plateau occurs, while reducing the width of the plateau (Wiederhtrn, 1967).

II
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This trend is shown in Figure 2. For tests /
performed in liquid water the plateau has liquid water

disappeared completely, since in this case
the corrosive medium always has access to

the crack tip. This fact was used in a paper 4"
by Michalske and Bunker (1987a), which

contained a series of experiments with

specimens immersed in various organic
liquids to determine' whether it was the
liquid itself, or aqueous impurities carried in

the liquid, causing the stress corrosion (if it

was the liquid itself then there would be no lif Kn Kiq
plateau on the KI-V :urve). Figure 2

after Wiedcrhom (1967).

2.2.3 Region III

When the crack enters Region III it is approaching the poir.t of unstable growth; the
stress intensity factor at which the crack will propagate without the moisture induced low

energy pathway. As this regime is entered, thermal'fluctuations are sufficient to trigger

crack growth.

The object of the following series of experiments is to assess the extent to which stress

corrosion affects zinc sulphide, and determine whether this factor must be included in

calculations for component survivability in the high velocity environment.
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2.3 THE DOUBLE TORSION GEOMETRY

The experimental geometry selected to determine the variation in velocity with stress

intensity factor for zinc sulphide was the double torsion technique (Fuller, 1979; Pleika et

al., 1979) depicted in Figure 3 and implemented on an Instron universal testing machine.

Load4
S~Plvoi

Load

•l ' Notch/ Sp~ecimen"

Ball bearingsR

Figure 3
The double torsion apparatus.

If a crack expeciences a perpendicular monodirectional tension, the KI acting at the crack,

tip depends on the applied stress and the square route of the crack length. Because of
this, applying a constant K! to a moving crack is impractical. The advantage of the double
torsion technique is that, it is a "constant K Igeometry" (although a torsion is applied to

the test piece, Fuller (1979) asserts that crack propagation is of a mode I nature). In
other words, for a significant portion of the crack path, the vaiue of KI is independent of

crack length. Thus by applying a constant load to the specimen, the crack can be grown lit

a constant, easily measurable velocity.

The double-torsion geometry was first used by Outwater and Gerry, in 1966, and more

recently Tait et al. (1987) reviewed the papers on the technique. The experimental design
in Figure 3 was taken from'a description by Pletka et al. (1979) with modifications

suggested by Quinn (1987). The rear ball bearings marked "R" only support the specimen

.during alignment. Once the anvil is loaded the plate lifts away from them, and the load is
applied through the front four points alone. The 3 mt. diameter ball bearings are used in

preference to rod loading, to more closely approximate point sources. The pivot on the

upper anvil ensures an equal distribution of load on the two central ball bearings. In the
review paper (Tait et al., 1987) the expression for KI as found by Williarns and Evans

(1973) is given as:-

-, 5 .



Ki~ wm 3 3 0.512

Experimental arrangement is shown in Figure 4 where
P = applied load
V. = Poisson's ratic
d = plate thickness

dn= web thickness in plate
(for these experiments d. d see Section 2.3.4)

Wm momentum arm
W =plate width

=Correction factor for thick plates
(discussed later in this section)

(Correct to be-tter than 0. 1%)
where: t thiinness ratio 2 d IW

WmW

Figure 4
The loading geometry in the double uweion tict.

Equation 13) assumes plane-skrain at the crack tip which has been found to he
approxrimat~ely true for brittle materials in this experimental set-up (Tait et al., 1987).

The three most common procedures that can be used. with the double-torsion apparatus
are descuibed by Lewis apd Karunaratne (1981) and ame discussed below
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5.3.1 The Load Relaxation Procedure

An analysis by Williams and Evans (1973) revealed a linear relationship between

compliance and crack length. They then showed that at cow'tant diaplacemen:, the crack
velocity could be directly related to the instantaneous load (F) and load relaxation ra:e

(dP/ dt) by

V¢ "(.Pi,r) (ailr) dP

p 2  dt

where: Pi = initial load

Pr = final load

ai = initial crack length

ar = final crack length

Therefore on.e crack motion has initiated, the cross-head displacement can be fixed so

that as the crack propagates, the compliance increases, the load relaxes, and thus the

crack decelerates. Data for a range of crack velocities can therefore be obtained from a
single trace. Figure 5 shows a typical load relaxation curve.

loading point
displacement fixed

&s crack begins
to propagate

loading

load relaxation

Time Time

Figure 5 Figure 6
A typical load' relaxation curve. Load W .axation calibration graphs.

The load relaxation, however, is not dueentirely to the extension of the crack because the

fixtures of the test machine will also relax tinder the applied load. A series of curves must

therefore be obtained characterisinp the background reiaxation as' a function of load and
time (Figure 6). In the present tests this was achieved by loading a blank specimen (with

,neither notch nor scratch) to progressively higher loads, holding the cross-heads fixed at
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each load and tracing tie load decay. This relaxation must be deducted from the crack

relaxation to obtain valid velocity data. It is here that the inherent ilaccuracy of the load

relaxation experiment becomes appoaent, that is that the analysis relies on subtracting

one gradient from another. As the velocity decreases, the graph becomes flatter and

approaches the gradient of the background graph that must be subtracted from it,

increasing the percentage error. Clearly the usefulness of this technique is restricted to

measurements at the upper end of the velocity scale.

2.3.2 The Constant Displacement Rate Procedure

This technique relies on the discovery by Evans (1972) that f."r a constant displacement

rate, the trace of load against time flattens out and the height of this plateau is related to

the crack velocity. This method only allows one value to be obtained per run. Which limits

its usefulness in experiments on expensive materials such as zinc sulphiu,,. AF with the

previous procedure, this technique is inaccurate at low velocities.

2.3.3 The Constant Load Procedure

For low crack velocities, the crack extension over a certain period must be measured

directly. The Instron testing machine used had no direct load control, so the cross-head
displacement had to be held constant and the fixtures made as stiff as possible to prevent

load relaxation. The sdmple was loaded to the required value, then left for a

predetermin d time. The load was released and the increase in crack length determined

with a travelling microscope. Any relaxation of the load in that time was included as an

error in the load value on the graph. In the present series of experiments this error was
minimal co pared to the inherent inaccuracy of the.Instron chart recorder.

In the folio ing experiments I ih load relaxation and constant load tests were performed.

The value f KI being calculated from Equation {31, and the corresponding velocity

determined either by direct measurement, or by using Equation (5 1.

2.3.4 Experimental Considerations

While the double sion geometry is easy to perform and the data analysis is

straightforward due to its "constant KI" nature, there am some precautions that need to

8.



be taken to ensure the validity of the results. These precautions and some of the

underlying assumptions of the theory are, summarised in the review paper by Tait et al.

(1987).

The paper lists the wide range of different dimensions suggested for the specimen and.

based on the quality of restdts obtained in each case, goes on to recommend the
proportions 3W to W to (1/8-1/12)W. The specimen dimensions used in this study (60

mm by 20 mm by 3 mm i.e. 3W to W to 1/6.7 W) were slightly thicker than these optimum

dimensions, but not by enough to invalidate the data, especially when the thickness

correction is included. In fact these proport'ons were used by Tait and Garrett themselves

in 1985.

In its original form, the configuration relied on grooves on either or both of the faces cf the

plate to guide the crack along a central path. Fuller in 1979, in a summary of a'ssociated

theories, sugges:ed that these grooves could influence the crack growth by intrxlucing

stress concentrations into the material. He therefore advocates eliminating the grooves
and relying on accurate alignment of the experimental fixtures to ensure the required crack

path. Quinn (1987), among others, used this technique successfully, and it was his

geometry and sample preparation that was adopted for the present series of tests.

.pre-crack

0.25 mm wide slot Knoop scratch

120 mm

mm mmachining cracks

(exaggerated)

60 mm

Figure 7
Specimen preparation.
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The ungrooved sample is first notched with a 0.25 mm wide diamond saw to a depth of 5

mm as in Figurn. 7. Great care is taken in the alignment of the notch, and the cutting is

performed slowly to avoid machining cracks. Since it is impossible to eliminate these

cracks altogether, a 5 mm scratch is carved into the tensile face of the specimen by

dragging a Knoop indenter across the surface under a 1 kg load. The pre-crack will then

follow the path of the scratch rather than any of the machining cracks. The sample is
loaded slowly in the testing rig until the pre-crack pops in. If the pre-crack follows the
path of the scratch, and the test fixtures are very carefully aligned with the sample. the
test will be successful and the specimen will crack neatly into two halves.

The third important consideration is the thickness correction factor included in Equation

(4). The need for this factor arises from the modification of the theoretical stresses

caused by the interpenetration of the two arms of the plate. This is made clearer in Figure

8.

Region of overlap

---------,~ --- ---- --

Figure 8
The reason for the inclusion of a thickness correction factt~r.

As the two arms rotate, the marked regions attempt to overlap. The'contact stresses..

caused by the two faces pushing against each other, will increase with specimen
thickness causing 'a thickness dependent correction 'to the stress intensity factor (Fuller.
1979). In the present study t = 2d /W = 0.3 and Equation (4) gives a value of..
=0.811. This value must be ,included in the calculation of KI.

The fourth consideration is the portion of the 'crack length for which the assumption of"
constant KI is valid, and ,ot distorted by end effects. Again there is some discrepancy

over the quoted ranges of acceptable crack lengths. The range of validity is usually
assessed by fast loading specimens with pre-cracks of various lengths, and plotting the
variation of KIC with the crack length. The discrepancy arises from the different specimen

sizes and shapes used by the various authors. The paper by Tait et al. (1987) compiles
data from a large number of sources to give validity ranges dependent on the ratio of L to
W (i.e the ratio of specimen length to width). For the present tests L / W = 3 and for

10 '



these proportions the constant KI assumption is valid for crack lengths from 0.05 L to
0,85 L. Data was therefore discarded outside this range.

Finally, the theory assumes that the crack front profile in the test is a 'straight line,
perpendicular to the surfaces. In fact this is not the case, the crack front is curved and the

crack length is greater on the tension side than on the compression side (as shown in
Figure 4). Since the crack propagates locally perpendicular to the crack front, the crack
velocity is not uniform through the depth, although within the valid region the crack
propagates without change of shape. There have been several attempts.to allow for this
potential source of error (see Tait et al., 1987) but none of these have been fully
satisfactory, and appear no more valid :ban taking the velocity of the intercept with the
tensile face as ihe measured crack velocity (Michalske et al., 1981).

As long as these considerations are adhered to, the double torsion technique should

produce valid data for a range of crack velocities, in a range of environments.

2.4 RESULTS FOR SODA-LIME GLASS

3ecause of the high cost and limited availability of zinc sulphide, the experiment was
performed initially with soda-lime glass, so that the results could be compared with
earlier data. Figure 9 shows the KI against velocity diagram obtained from both load
relaxation and constant load experiments. The results from different runs of the same
version of the experiment are in close agreement, as are the results from the two different
applications of the geometry (load relaxation and constant load) to within the inherent
accuracy of the Instron chart recorder. The relative humidity on the day of the tests was

56%.
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10-2
X run I

10-3 ÷ run 2 j

A run 3

* run 4
10-4 I

0 const load 1
S010-5

10-6

0 I

10- .' ' :Klc,

0.40 0.50 0.60 0.70 0.80
Stress Intensity Factor (MPa mt2 )

Figure 9
The stress corrosion curve for soda-lime glass.

A value of KIC was obtained by conducting the experiment with the sample immersed in

oil to prevent any moisture induced slow ciack growth. The value of 0.81 ± 0. 1 MPa mi1/ 2

agrees well with the slow crack growth data in Figure 9.

The reproducibility of these results, and the close similarity with those obtained by
Wiederhorn (1967), suggested that the test was accurate enough to use on the zinc

sulphide specimens. Glass, however, is very susceptible to stress corrosion, and has no
grain boundaries, sec'ond phase particles or other microstructure to interact with the crack.

it is an ideal material for stress corrosion tests. Materials with more complex structures

often give results which are less clear.

i
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2.6 RESULTS FOR ZINC SULPHIDE

The KI against velocity diagrams obtained using the load relaxation technique for two

different runs on zinc sulphide in air of relative hamidity 52% are presented in Figure 10

and Figure 11.

10-2 ,--_10-2

10-3 10-3

10-6 10-6

0.65 0.70 0.75 0.80 0.65 0.70 0.75 0.80
Stress Intensity Factor (MPa mtt2 ) Stress Intensity Factor (MPa m 1/2 )

Figure 10 Figure I I
The stress corrosion curve for zinc suilphide in air. The stress corrosion curve for zinc sulphidc in air.

It shouldbe noted that the KI scale for the zinc sulphide data i. expanded when compared
with the glass results in Figure 9. The shapes of the two trac.-s are identical but there is a

slight shift in th(.' stress intensity factor, which indicates the scale of the error in the
results introduced by the Instron chart recorder. These graphs show that zinc sulphide is
susceptible to stress corrosion, but less so than glass, although the plateau velocities are
both roughly 10-5 m s-1. Since the height of this plateau is determined by the ease of

access of the water molecules to the crack tip then this result would be expected if the
crack width was similar in the two materials. The crack width depends on the parameter
KI (1 + v) / E (Lawn and Wilshaw, 1975). This parameter has a value for glass of 1.3 x

105 m/1 2 and for zinc sulphide of 0.9 x 105 m 1/2 , suggesting thatithe crack dimensions are

indeed similar.

in order to test the effect that an increase in humidity would have on the crack velocity.

the test was repeated with the sample completely immersed in' water to give a "worst
case" situation. The results for this experiment are given in Figure 12 and Figure 13.
Again the' shapes of the two tests are the same and there is' a similar error in the KI
reading. The plateau in the data is an artifact caused by the chart recorder pen's inability

to respond fast enough to follow the rapid decrease in load at high crack velocities
(Section 2.2.2 explained that for complete immersion in the corrosive medium there would

be no plateau).

.14



,10 -2 •10-21 / -3- --
10- , 10o-
10 -61 _w 10-6
1I0-7• i 10.-7 L ..

0.65 0.70 0.75 0.80 0.65 0.70 0.75 0.80
S~~Stress Intensity Factor (MPa m 1/2 )Stress Intensity Factor (MPa M /)

Figure 12 Figure 13
The sm corrosion curve for zinc sulphide in water. TU• so=s corroion curve for zinc sulphide in water.

The KI value at which the crack velocity sharply increases should coincide with the critical
stress intensity factor (KIC) of the material. This constant varies slightly with the test

used to assess it, and with the grain size of the material (Townsend and Field, 1990). An
independent measurement of KIC, obtained by the Vickers indentation technique,

described by Lawn and Fuller (1975), gave a value of 0.61 MPa m 1/2. This technique wils

chosen because it could be performed on one of the fragments from the+ double torsion test,

thus saving on the number of specimens used. This result is slightly lower than previous

measurements (Savage, 1985) and these external results agree more closely to the data

in the double torsion graphs (Figures 10 to 13).

Constant load tests were also attempted for zinc sulphide, but no slow crack growth was

seen. It is possible that this is due to crack pinning at grain boundaries, an example of an
S~interaction with the zinc sulphide microstructure. A similar microstructural interaction was

observed by Quinn (1987) in several materials

High temperatur-e load relaxation tests on zinc sulphide were also unsuccessful because

Sof temperature induced expansion of the test 'ixtures. The load variation caused by .this

.expansion swamped the relaxation due to the propagating crack, and wasn't reproduc:ii.ble"
S~it therefore could not be calibrated out of the trae.

S : If*the dlata from Figure 12 are plotted on i log-lag scale, a value of 215 can be obtained for

.11 in Equation 12). Similarly. the¢ data from FiguJre 13 give a value of 181. The discnepancy
• ~between the two results is not unexpectedJ considering the inherent errors in the

technique, and as will be seen in the next section, other techniques of measuring this
Sparameter produce far larger errors. For compa ison, the n parameter has a value of 16 for

! soda-lime glass and 3 1 for alumina (Wahl i nd Tustison, 1990). In other words zinc
' I' sulphide is far 'less susceptible to stresi, corros ion than either of these materials.

S• [ . .. , 1 5
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2.7 STRESS CORROSION OF ZINC SULPHIDE IN THE
LITERATURE

Two references to the stress corrosion characteristics of zinc sulphide were found. The

first (Wahl and Tustison, 1990) predicted no dependence of biaxial flexure strength on

stressing rate and no difference was found between the strength at liquid nitrogen
temperatures (77K) and room temperatures (therefore n = infinity). In direct contrast to

this, in a private communication from the Kaman sciences Corporation in Colorado

Springs, a similar experiment was described (using the four point bend test at various

loading, rates) with the samples immersed in distilled water in which a value of 76 was
obtained for n, suggesting a small, but real, susceptibility to moisture enhanced flaw

growth. The apparent discrepancy emerges from the inaccuracy in the fracture stress

measurements. The error bars displayed on the data by Wahl and Tustison are such that
values of n can be obtained from the data which agree with the value quoted by the

Kaman, Sciences Corporation., This emphasizes the importance of repeating tests on
brittle materials that rely on an unknown flaw distribution, so as to reduce the error as
much as possible. The double torsion test, using .. it does a single macroscopic crack of
known dimensions, is not susceptible to this inher. error.

It is worth mentioning at this point that results for !he similar IR candidate material zinc
selenide are more numerous. Evans and Johnson (1975) give values of n = 45-'05 for

tests performed in both air and water and a value of KIC -4 m- 3/2 . They also

encountered intermittent crack propagation, where the crack ;(d, then accelerated,

suggesting an interaction with the zinc selenide microstructure. It is a similar interaction
in the case of zinc sulphide which, it is postulated, caused the failure of the constant load

experiment. A study of the extensive effect that micrcstruture :ias on zinc selenide can
be found in a paper by Freiman et al. (1975).

16



2.8 CONCLUSIONS

The double torsion test has provided reliable and reproducible results, but only because

several precautions were taken in the experimental design, and great care was taken with

the preparation and alignment of the specimens.

The experiments in this section have showi, that stress corrosion is a factor that must be

considered when designing a zinc sulphide infrared window. Fortunately the effect is not

as severe as it is for glass. It is worth pointing Out that aerodynamic pressures produce

tension on the internal face of the window. The humidity behind the window is often

artificially reduced to prevent frosting on the inside of the window (Driggers and Tidwell.

1989) and this will also reduce the effects of stress corrosion.

f 17



3.1 THE FRACTURE STRESS OF ZINC SULPHIDE AS A
FUNCTION OF TEMPERATURE

Aerodynamic heating at stagnation points on aircraft surfaces during high velocity flight

can cause temperatures of up to 500 OC at Mach 3. Away from this point of maximum

aerodynamic heating the temperature can drop as low as the average air temperature of -

56.5 OC at a height of 11 km.

Because of the wide range of operating temperatures it is necessary to evaluate the

fracture stress of zinc sulphide as a function of temperature, to determine whether or not

th,. room temperature design strengths hold true for the whole temperature range that the

window is likely to encounter. Unfortunately the bursting disc test described in Appendix

I is unsuitable for this application because of the temperature sensitivity of the neopreiie

diaphragm and pressurizing oil, so a second stron.: test had to be found for this series of

experiments. The geometry selected was the so called "Brazilian test".

3.2 THE BRAZILIAN TEST

Specimen
The Brazilian test shown schematically in

Figure 14, first used by Carneiro and

Barcellos in 1953, involves the compression

of a disc across its diameter to induce failure ....

in tension at the centre of the disc. The

advantages this 'geometry has over other Crack

candidate techniques and the precautions

that must be taken to ensure, the validity of

the data obtained will be discussed in the

next section. Figure 14
The Braziin tc'4.

3.2.1 Experimental Description

The Brazilian test is an "indirect tensile" technique, in other words although the failure is

tensile, the tension results from a perpendicular compression. A compressive load is

easier to apply to a sample than a tensile one. since the latter requires great care in the

design of the grips to prevent stress concentrations and-subsequent failure at the loading
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points. The simplicity of the anvils allows the test :o be more readily miniaturised and the

whole apparatus can easily be enclosed within an environmental chamber and oven. A

reduction in sample size is 'also an advantage because of the high cost of the test

materials. Bend tests, a possible alternative, often fail from the edges of the specimen and

maximise the stress at the surface, thus accentuating any surface condition dependence

that the strength of the material may have.

The Brazilian test was described in a paper by Hondros (1959), in which he includes the

theoretical stre.3es along the axes of the disc perpendicular and parallel to the line of

compression. These stress maps show that the tension is greatest in the central half of

the disc perpendicular to the compression axis and failure at this point will lead to a crack

'down the middle of the specimen along the loading axis. Referring to the stress maps

produces the fracture stress of the material.,

Fairhurst (1964, suggested that the fracture stress assessed by this theory can give

misleading results. The values obtained in the test were below .those determined by other

experimental techniques by an amount which depended on the ratio between the

material's uniaxial compressive and tensile strengths, on the size of the loaded region

and on tangential stresses along the loaded rim: The ramifications of this discovery will be

discussed later.

In an analysis of the Brazilian test by Rudnick et a!. in 1963 they summarised the failurC

modes observed as follows:-

1. Compression and shear failure - Local crushing at anvils, irregular

fracture pattern.(Figure 15a
2. Normal tension failure - Cracks into two halves.(Figure 15b

3. Triple-cleft failure. Cr.icks into four pieces.(Figure 15c
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Localised

II~flhb.Crushing

Figure 15a Figure 15b Figure 15c
Shear-type failure Normal Tensile Fai:urc. "Triplc-clcft" Failure,

(random crack paucrn).

The first failure geometry gives no useful data about the fracture s:ress, but both the

second and third fail ini;ially along the central axis and provide accurate values for fracture

stress (the triple-cleft failure occurs subsequent to the central cracking as the separated

halves of the sample briefly support the full load). In the following series of experiments

all three failure modes were observed but the first was eliminated by rareful specimen

alignment.

In the Rudnick paper it is suggested that padding is used at the loading anvil for tile

following reasons

1. To smooth over any asperities in the loading surface to produce a uniform load.

2. To reduce the magnitude of the maximum compressive and shear stresses dt the

anvils. (Thus inhibiting the shear failure mode)

3. To cause the stress across the loading axis to depart from uniform tension at the

anvils. (Thus promoting central failure in the specimen)
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Until Awaji and Sato in 1979 the Brazilian

test discs were compressed between

plane anvils as shown in Figure 16a

(Hondros 1959, Fairhurst 1964, Vardar-
and Finnie 1975). Awaji and Sato's

refinement to the technique was to use

circular anvils of a radius greater than that

of the specimen (Figure 16c), to spread

Figure 16 the loading area and minimise the
Brnzilan test anvil geometries, crus hing at the contact points. Rabie and

Meguid (1986) used a similar geometry, but with the radii of the specimen and anvils

identical (Figure 16b)' This had the disadvantage that there is an anvil corner in contact

with the sample which could act as a stress concentrator as the specimen deforms. It was

therefore the geometry shown in Figure 16c that was used in the following experiments.

The Hertzian contact formulae for this geometry as quoted in the paper by Awaji and Sato

are given below.

The 'width of the region of contact between the. anvil and the specimen, 2b. can be

calculated fi-omn

(b•_ .r
=4r (r-R) ypa (51

wl'ere:

L-v1 2  l-v2
2

E + 61

and: r = anvil radius
R = specimen radius
E = Young's modulus, for anvil (1) and specimen (2)

V = Poisson's ratio, for anvil (I) and specimen (2)
Op = uniformly distributed stress across loading axis in disc

POr = ]'1Rt

where:' P - load'

t a thickness of disc

21



This valuc; of b can then be used with Up to give GH. the maximum tensile stress ai tht

centre of the disc

or more accurately:

CH = 1 - 1.15 bf+ 0.22 (b8CI

These theoretical stresst were compared with photoelastic measurements obtained in a
similar geometry :o that used in the present study, by Hand (1987).

After this series of experiments was initiated, Darvell (1990) publis hed a review Of

indirect tensile techniques in which some doubt was. raised over the, validity of Brazilian
test data. One of his concerns was the large variation in the literature in the recommended
values for the ratio of the width of the loaded region to the diameter of the specimen,
needed to give an accurate fracture stress. This ratio must be sufficiently large to prevent
failure due to high contact stresses. He also suggests that the thickness of disc be less
than a sixth of the diameter (Wijk, 1978) to prevent higher edge stress at the generators
than at the centre of the disc,,but observes that this is rarely adhered to this study the

disc specimens were 3 mm thick and 15 mm in diameter). He goes on to state four criteria
that must be fulfilled for the theoretical treatment to be valid

1. Material is homogeneous.
2. Hooke's law is obeyed up to the point of failure.

3. Geometry is plane stress.
4. Material is isotropic.

The first two assumptions are approximately correct for zinc sulphide but the sp cimen

geometry is not truly a plane stress geometry. and the'material is c.ystalline and tn refore
not isotropic.

"l'he paper also draws attention to the large range of failure modes observed in t e test.
He suggests the possibility that even a single diametral crack may originate fromi the

anvils rather than the centre of the disc and indeed cited several papers where this
appeared to be the case.

Darvell's conclusions do not in any way invalidate 'the data of the present study, alLhough

they are very critical of the Brazilian test as an isolated technique for determination 01,
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material fracture stress. He states that while the true tensile strength is difficult to obtain

from this geometry, the test is entirely legitimate for comparative tests of similar

materials. Furthermore because of the biaxial nature of the test (one axis in tension, one

in compression) the measured fractur., stress is less than that obtained by a uniaxial test

or the axially symmetric burst test (Fairhurst, 1964; Shaw, 1984). The Brazilian test

results at room temperature are, therefore, compared with data on an identical batch of

material from the burst test (Matthewson and Field, 1980). For a similar series of tests

Hand (1987) found that the fracture stresses measured by the Brazilian test were

consistently 65 ± 3% of the burst test results.

In the present study a specimen is tested at a range of temperatures to give comparative
data with a baseline value obtained from a second direct tensile test (the bursting disc

test described in Appendix 1). It must, however, be ensured that the initial failure is

essentially tensile in nature, and is the same throughout the tests. It is felt that despite

the reservations expressed above, use of the Brazilian test for the intended application is

entirely justified.

3.3 EQUIPMENT

3.3.1 Introduction

The actual rig used to perform the test is shown. in cut-away in Figure 17. The. lid is

removable to allow access to the chamber and, when in operation, is 'vacuum sealed to the

main body with a viton high temperature O-ring. The vacuum chamber has two windows

to allow a light path through the specimen enabling photoelastic measurements to be

made. These 'measurements are made on soda-lime glass to ensure that the stress field

in the disc is as theoretically predicted. The two other poris lead to the vacuum pump and

Sthe cylinder of dry nitrogen (used to provide an inert atmosphere). A strip of asbestos
paper was applied to the anvil surface with heat sink paste for each test. This acted as
padding for the specimens which were in the form of discs i5 mm in diameter and 3 mm
thick. The whole assembly was built on an Instron universal testing machine which was

used to apply and monitor the load.
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3.3.2 Environment

The experiment was to be performed in an inert environment since zinc sulphide is

susceptible to oxidation at high temperatures (Prabhu et al., 1984) and also to reduce the

effects of stress corrosion. due to moisture in the air (although there will still be water

adsorbed on the specimen surfaces). In order to achieve this, the chamber was connected

to a vaccum pump and a cylinder of high purity dry nitrogen (white spot oxygen free dry

nitrogen < 2 parts water per million by volume). A preliminary investigation with a hair

hygrometer, showed that the relative humidity in the chamber could rapidly be reduced to

-5% at room temperature, by evacuating the chamber to a vacuum of -0.1 Torr and

flushing it with the inert gas and then repeating this cycle again.. The sample was

fractured in the nitrogen atmosphere at a pressure of approximately 1.2 atmospheres to

ensure that if there were any undetected leaks, gas would escape rather than enter.

3.3.3 Temperature control

The temperature of the sample was raised by surrounding the central column with a

cylindrical oven shown in Figure 18. The oven was controlled by a Eurotherm thermostat

connected to a k-type thermocouple which was mounted in the test chamber. This

arrangement sampled the gas temperaturc, and gave rapid feedback, while a second

thermocouple monitored the temperature of the lower anvil.

For very high temperatures ( Ž 500 0C ) a small modification hid to be incorporated into

the apparatus to protect the vulnerable connections where the thermocouple and electrical

wires penetrated the chamber (see Figure 19). This protection was achieved by removing

one of the windows and replacing it with a water cooled tube. In this way the electrical

connections at the end of this tube were isolated from the high temperatures.

Lower temperatures were obtained by replacing the oven with coils of copper pipe, shown

schematically in Figure 20. The evaporation of liquid nitrogen (boiling point 77 K) in a

sealed container provided sufficient pressure to force the liquid tairough the coils. The flow

was regulated by a cryogenic solenoid, which-was in turn controlled by a Eurotherm low
temperature thermostat. The thermocouple system was identical to that described above.

Figure 21 shows the final configuration used for temperature control. This simplification of

the low temperature geometry was used for the germanium tests since they were tested

(
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in a laboratory atmosphere. The temperature was controlled by simply allowing the
chamber to fill with boiling liquid nitrogen vapour.

In all cases calibration was achieved by performing a dummy run with an instrumented
sample and allowing time for its temperature to equilibrate (the temperature control being
accurate to within 5 °C). After the high temperature test the specimens were allowed to
cool down to below 200 °C in the inert atmosphere to prevent any oxidation.

3.4 RESULTS

3.4.1. The High Temperature Fracture Stress of Germanium

The graph shown in Figure 22 gives the results of Brazilian tests performed on
Germanium samples from two different sources at three different, temperatures. The
samples from source A were monocrystalline, while those from source B were
polycrystalline but with large grains, (typically 5 mm).

220
200 SourceA180 ["Sw•

S160 sourc B
140
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Temperature ( oQC)

Figure 22
The fractue suess of genanium

as a function of temperature.,

The data show a wide spread which appears almost bimodal in nature, especially at high
temperature, due to the crystallinity of the material (since the geometry has only one

tension axis it is very sensitive to the orientation of the sample). The baseline results
from 25 mm diameter 2.5 mm thick discs in the hydraulic burst test were I I I ± 18 MPa for

material A and 92 + 16 MPa for material B. These data do not show ;he bimodal.
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distribution in the results because, in contrast to the Brazilian test, the' axisymmetric
burst test samples the flaws equally regardless of orientation.

Despite the spread in the Brazilian test data it is clear that the fracture stress increases
at 153 °C and to a far lesser extent at -40 °C and that the strength of the material from
source A is higher than that from source B. The temperature dependent fracture stress
variation could be explained by the removal ,of water from the atmosphere at the upper and
lower temperatures which reduces the effects of stress corrosion. Since the loading rate is
quite slow (approximately 15 s) there is time for stress corrosion to affect the results.

It is interesting to directly compare the room temperature results for the Brazilian and
burst, tests. For material A, the Brazilian test results have an average value 66% of ý'Iose
from the burst test, while for material B the factor is 61%. This comparison does not take
into account the enhanced effect of orientation in the former test, but the close agreement
with Hand's (1987) estimate of the same factor (65%) suggests that despite the
reservations expressed in Section 3.2.1 the Brazilian test is generating reproducible
fracture stress data.

3.4.2 The High Temperature Fracture Stress of Zinc Sulphide

It was possible to add more detail to the graph for zinc sulphide as more samples were
available. Because of the spread in fracture stress due to the natural flaw distribution in
the material, each point on the graph in Figure 23 is actually the average of ten samples.
and the error bars show the standard deviation of the mean. The quantity of samples
available allowed small variations in fracture stress to be investigated with some
precision.

The room temperature value of 52.7 MPa is approximately 77% of the baseline value
obtained by the bursting disc geometry (Matthewson and Field, 1980), 67 MPa. Taking
into account the large spread in data in the latter experiment (25%) this value is again in
good'agreement with the estimate of Hand (1987).'

For design purposes the most important feature of the graph is that within the
"temperature range -35 °C to 600 oC the average fracture stress never falls below its
value at room temperature. In fact, as with germanium, the strength of the material

initially increases with temperature, the graph having its first peak at 100 °C and then a
second at 300 °(C. It should be noted that the raw data shown in Figure 24 indicate that
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even though the average fracture stress is increased there is a greater spread in data at

these peaks. For zinc sulphide, as with germanium, the assumption is that, as water is

removed from the surface of the specimen, there is less water available at the crack tip.

The effect of stress corrosion is therefore reduced and the flaws in the material will not

propagate until the critical stress intensity factor is reached. Several other factors that

could contribute to the variation in fracture stress were considered.

In order to minimise the time taken for the experiments, for those samples broken
between room temperature and 200 OC the temperature was only allowed to equilibrate

for half an hour, while for temperatures above this, the specimen was equilibrated for a full
hour. Since this change in the experimental conditions occurred at a temperature at which
there was also a sudden change in fracture stress, it was decided to repeat the

experiment at 200 °C with an equilibration time of one hour, to see if this change in
heating time affects the results. The closeness of the results for the two different

conditiorns indicated in Figure 23 shows not only that the discrepancy in the heating times
was not the cause of the increase in fracture stress, but also that the test was ve'ry

reproducible.

The increase in fracture stress at 300 °C might have been caused by a permanent

chemical change at the elevated temperature. This possibility was eliminated by

comparing the infrared transmission spectrum from a specimen that had been heated to
400 °C and then cooled, with the spectrum from an unheated specimen. Figure 25 shows

that :he two traces differ only in absolute magnitude, which is due to the nature of the
measurement rather than to a change in the material.
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Ten specimens were heated up to 300 °C and then allowed to cool under vacuum over a

period of about 4 hours beWore 'being loaded. The result of these experiments was an

increase in average fracture $tress to 70 MPa which is higher than the value at room

temperature (52 MPa) and that at 300 °C (61 MPa) (Figure 23). These results support

the suress orrosior, hypothesis, since the prolonged heating cycle and vacuum conditions

both reduce the amount of atmospheric and adsorbýd water further and thus raise the

tracture stress.

It was therefore predicted that a sequence of experiments performed at room temperature

with the specimen fully immersed in water would display a reduction in strength. The

point indicated in Figure 23 showvs that this is indeed the case and emphasises the

environmental effect on the strength of zinc sulphide.

The samples provided for the low temperature experiments were from a different batch of

zinc sulphide, and appeared noticeably paler than those for the high temperature

experiments. The room temperature results were, therefore, repeated for the second batch

and compared with those for the first batch. The two values are identical to within 2',.

again verifying the reproducibility of the test. The low temptrature results, taken at -35
"OC, -50 °C and -70 °C showed a slight increase in strength, which would again be

explained by a reduction in tne effect of the stress corrosion mechanism.

3.4.3 High Temperature Strength Data on Zinc Sulphide from
the Literature

Data on the high temperature strength of zinc sulphide are very scarce. One sel was

pres nted by Schwartz atthe IR workshop in 1990 and shows a steady increase in

stre gth with temperature. Further evidence for this can be found in Deomet al. (1990) in
whi h a value of fiexural strength for zinc sulphide is given as 104 MPa at 25 °C and 152

MPa at 500 OC.

An lier experiment, again using the Brazilian geometry, by Hand (1987). although

suf 1 ng from a limited number of specimens and hence - large inaccuracy in the mean of

the ta, produced a graph the shape of which is similar to that obtained in this study. and

sug csted a slight decrease in strength at 700 OC accompanied by evidence of plasticity.

Thi3 fracture stress reduction with plasticity is characteristic of high temperature strength

data on ceramics (Davidge, 1979; Shinkai et, al., 1981). Using the-'same test geometry. the

vari tion of fracture toughness with temperature was determined by indenting the
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specimens prior to the experiment. The size of the flaw could be measured, and from this,

the fracture toughness (critical stress intensity factor) could be derived. The increase in

strength with temperature that was observed in these tests was attributed partly to an

anealing of residual stresses, and partly to water loss and crack tip blunting. Hand (1987)

also assessed the variation of compressive strength with temperature and obtained a

decrease with temperature similar to that observed in the Brazilian test data of the same
study. The drawing of conclusions from this last set of results is, however, hindered by

the change in failure mode at higher temperatures due to the change in compliance of the

anvils.

A low temperature result was mentioned in Section 2.7 from the paper by Wahl and
Tustison (1990), which showed no variation in strength between 77K and room

temperature. This result Was used as funher evidence for their contention that zinc
sulphide is resistant to stress corrosion.

3.4.4 Analysis

The apparent discrepancy between the various sources of high temperature data can be

explained by the differenc~e in the experimental conditions. Experiments carried out in a
nitrogen environment show a minimal rise in strength with temperature. Those carried out

in air show a steady increase. The increase can therefore be attributed to crack tip
blunting by oxidation (Prabhu et al., 1984; Davidge, 1979) and by the reduction in the
amount of adsorbed water.

The mechanisms for the slight variations in the results of the present study are more
difficult to discern. Xue and Raj presented results that suggest that intergranular

caviation and grain growth are minimal at temreratures below 950 °C. Crack blunting
thr•ugh dissolution in. and reprecipitation from, atmospheric and adsorbed water has been
.Adiscussed at length for glass (Ikeda et al., 1990; Han and Tomozawa, 1989: Hirao and

Tomozawa, 1987). Theme seems, however, to be very little reaction between zinc sulphide
and water at these low iemperatures (Brion, 1980; Sohn and Daesoo, 1987).

For the reasons given above the variations in -trengIh are most likely to be due to the

effects of stress corrosion varying with the amount of adsorbed water. This would explain
the increase up to I0 °C ,and, because water can remain adsorbed up to quite high

temperatures (Holland, 1964), could possibly explain the increase at 30)0 1C. It is difficult

to detect' the removal of such a thin layer of adsorbed water. through calorimetry, (Hand.
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1987) but the increase in strength when allowing the sample to cool in a vacuum, and the

r,.duction in strength when the sample is immersed in water lend credence to this

hypotii-is. Section 2.2.1 indicated that stress corrosion and crack growth are thermally

activated phenomena and an increase in temperature can .therefore decrease the fracture

strvngh. Tuis complication means that it is very difficult to accurately predict the shape of

the graph through this mechanism.

Hand (1987) detected plastic deformation at 700 °C

oo which is quite low considering the fact that the

*i Nmelting point of zinc sulphide is 1830 °C. The

m cakn ztendency for the fracture stress to increase aboveS..........microcracking

500 °C in the present study could be explained by

the' onset of plasticity causing increased crack

rounding. It is evident, however, that there is a

slight change in #he failure mode at these high

CORRECTLY INCORRECTLY temperatures since microcracking (Hand, 1987) can

AULIGNED ALIGNED be observed within the bulk of the material near the

Figure 26 loading points. These whitened areas in a cross-

Areas of microcracking in' section down the loading axis (the plane of the
Brazilian test spccimcn%. primary crack) are shown in Figure 26 for both a

correctly aligned and incorrectly aligned specimer.

It is difficult to attach any significance to the variation in the Spread in the data at I(X) C.

300 °C, 600 °C and at low temperatures because the error in the error is always large and.

pp,,ticularly in the last two cases, the quality of the samples Was poor: liquid impact

patterns from the batches' tested at 500 °C, 600 °C and -70 °C show the familiar long

linear cracks indicative of poor surface finish superimposed on the characteristic short

cir-umferential liquid impact cracks. Earlier batches showed a far more typical pattern.
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3.5 CONCLUSIONS

These experiments have demonstrated that in the normal operating temperature range the
room temperature value of the fracture stress is a safe parameter to use for design
purposes. The fracture stress of germanium also remains above the room temperature
value at the experimental temperatures.

In an air environment it appears that the fracture stress of zinc sulphide actually increases
with temperature as does its rain erosion resistance (Hand, 1987; Deom et al., 1990). It
would not, however, be prudent of the missile designer to rely on this increase since its
mechanism is not well understood.

Al high temperatures (!600 0 C) there is evidence of microcracking and plasticity in zinc'
sulphide. This may suggest that above these temperatures the material's strength is
severely compromised.
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4 STRENGTH TESTS ON LARGE ZINC SULPHIDE DISCS

4.1 FRACTURE STRESS RESULTS

Seven large ZnS discs (125 mm diameter by 5.45 mm) Were supplied by British

Aerospace and were tested in the hydraulic busting disc apparatus (Matthewson and

Field, 1980). The discs were from different batches and two (discs 6 and,7) were

noticeably darker and had obvious streaks within the bulk of the material (see Figure 27)
which correlated with distortions in the bubble structure. In addition careful inspection of

the surfaces revealed areas where faint grinding and polishing marks were visible. The

fracture stress results are given in Table I which also includes the stress at the centre of

the disc (where it is a maximum) at the time of failure. The lowest stress was 55.9 MPa

which failed at a distance of 30 mm from the centre which means that the central region

survived a stress of 79 MPa. The remaining specimens all fractured within 25 mm of the

centre and there were no edge failures. The highest fracture stress was 98 MPa and this

was achieved by one of the dark specimens. The second dark specimen also had a high

stress 97.6 MPa (the highest fracture stress of a lighter coloured sample was only 88.8

MPa). However the small number of samples makes it difficult to estimate the

significance of the fracture stress difference.
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TABLE- 1

SPECIMEN FRACTURE STRESS AT COMMENTS
STRESS DISC CENTRE

CODE (MPa) (MPa)
1 PP88-20-2B 70.6 78.8
2 PP88-09-4D 75.8 77.9
3 PP88-09-5D 87.4 109.6
4 PP88-20-2J 55.9 79.0
5 PP88-09-3E 88.8 102.8
6 PP88-09-2C 97.6 98.7 dark, streaks
7 PP88-09-2H 98.0 117.2 dark, streaks

4.2 CONCLUSIONS

The average fracture stress of the seven discs was 82 MPa with a standard deviation of

15.4 MPa..The two darker specimens appeared to exhibit higher strength despite the

inhomogeneity in their structure. A previous report (Hand and Field, 1989) on discs of a

similar size and various surface finishes produced results which are in good agreement
with the present study. In this earlier test, three of the samples failed at high loads giving

an average fracture stress of 85 ± 5 MPa. But of the remaining three samples there was

one edge failure and the other two were noticeably weaker (30 ± 6 MPa). This was

thought to be due to an inadequate surface finish. It appears that this is no longer a

problem if the surface preparation is carefully controlled.
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5 THE ROLE OF THE MULTIPLE IMPACT JET
APPARATUS

In order to develop improved infra-red window materials the material scientists needs to
evaluate:-

1. the threshold velocity for damage and
2. the rate of transmission loss once abcve this threshold

The Single Impact Jet Apparatus has up to now provided the standard way of evaluating
the threshold velocity. To do this 25mm discs of the material under test are impacted in
the centre 5 times and then the disc is broken in a bursting disc test to evaluate the
residual strength. This is carried out at a number of different velocities and the results
plotted on a graph of residual strength v velocity to discover the threshold velocity below
which no drop in residual strength is observed from that of the unimpacted material. The
test involves breaking about 20 discs of the material and the result is accurate to about 5-
10% depending on the quality of the surface finish.

In the above experiment the discs must be broken because once above the thres:,old
velocity there may be enough energy to extend the microcracks present, but after, just 5
shots they may not have been extended enough to be detectable by visual inspection. The
test thus relies on the fact that after 5 shots even if not big enough to see, the cracks
under the impacted area if they have grown, are larger thaji those naturally occurring
elsewhere on the specimen, and will thus reduce its strength. In a poorly polished'
material this will obviously not always be the case and a large scatter in the data occurs.

MIJA can eliminate the necessity too break the discs by impacting the site enough times to
extend the cracks until they are vi ible. This means that a large number of test sites can
be tried on one specimen and thus fewer discs are required to evaluate the threshold
velocity. This is particularly import ant with expensive materials such as diamond.,

In addition to this advantage MIJ offers.a finer control of'velocities (spread 1%) and.
actually measures the speed of e cry jet before it impacts. It also has a more finely
controlled equivalent drop size beca se the nozzle is filled more reproducibly for each shot
than is possible for SIJA. Together these improvements result in a test -that can locate the
threshold velocity to 1-2%.
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Erosion data on the rate of transmission loss above the threshold velocity has previously

required the use of whirling arm rigs. The problem with such test rigs is that the drops

entering the chamber become distorted by the turbulence generated by the whirling action

of the arm. The drops impacting the specimen are thus distorted so they have a range of

contact radii and result in damage of varying sizes many showing the presence of voids.

This range of effective drop diameters is rig dependent thus making comparison of results

between rigs difficult. A solution to this problem used in some rigs is to reduce the

chamber pressure, however this has resulted in a range of pressures now being in use

each producing a different rise in specimen temperature on rotation.

In contrast to the above, MIJA can impact at a selected site, at a measured velocity with

a reproducible front profile to the jet. This allows identical experiments to be performed on

materials, even down to the order of impact sites in a random pattern, and thus true

comparison of material erosion behaviour is possible. The major disadvantage is the

number of shots required for such an experiment. As MIJA only fires a shot every 2

seconds the experiment times maybe longer than with a whirling arm rig, however since
MIJA can choose to impact over a smaller area and can be left firing under computer

control the duration of a test is not so critical, and the advantages of reproducibility are

worth the wait.

SPECIFICATIONS
Number of shots a minute 30
Velocity range 30 5,r) m s-1
Drop diameters simulated 3 - 8 nom
Positional accuracy 25'Ar.

Impact positions and velocities can be defined by the user, allowing shtLs to be fired o0n

one site, on a line, in an array, randomly over an area or in a user-defined pattern.

MUIA is fully automated and includes:
computer control of the firing sequence,
database of spec-imen specifications
storage of position, veloci:y and time of each shot fired in an experiment
analysis of the above stored data

Note: Testing on nozzle design is still continuing and this will effect the equivalent drop

size of the jets produced. Care must therefore be taken in comparisons of results with the

single impact gun and other MIJA results. It is hoped that a final nozzle design and new

equivalent drop curves for it will be finalised within 6 months.

' 42 ' .f • ,



5.1 THRESHOLD VELOCITY RESULTS FOR GeC ON ZnS

In this test MIJA was used to evaluate the threshold velocity for GeC coated ZnS by

impacting a site 30 times at a given velocity and then assessing the site for damage. If
one of the shots fired on the site has enough energy to open up a microcrack then

subsequent shots should extend the damage until it becomes visible. The exact number of
shots required to make this test work properly is not yet known, although the 30 shots
used in this experiment gave a high degree of reproducibility. A probability of survival can
be calculated for the material based on the number of sites showing damage after impact
at a given velocity, this probability will drop to zero as the velocity increases beyond the

damage threshold.

The material tested in this example was Plessey PPZ-23. On each of three specimens 56

sites were impacted and subsequently evaluated for damage, the iesulting data is from a

total of 122 sites for the well-bonded specimens and 166 sites for the poorly bonded. Each
site was impacted 30 times with a typical velocity spread of between 3 and 5%. The
maximum velocity fired on each site was recorded and damage was then looked for.
Between each of the 56 experiments on different impact sites the firing pressure was

increased which mear~t that as far as possible subsequent impact sites had a higher
maximum velocity. Impact sites were placed on the specimen in a way that we could be

sure that damage visible on a particular site could be attributed to the jet impacts that

occurred there.

The results obtained are displayed in Figures 28 and 29 for the well bonded and poorly

bonded coatings respectively. The bar chart on each graph shows the numberof sites with
a maximum velocity of V mh s-1 and the scatter graph the corresponding probability of

survival at that velocity.

The two batches of specimens both have the same starting value to the pro6ability of

survival decrease. The samples where the coating it less well bonded appear however to

offer reduced protection at highet velocities ie the velocity range is 130 - 153 m's-I for the
well bonded coating and 130 - 145 m s- 1 for the poorly bonded coating. This might be

because the poorly bonded coating protects for a smaller number of the 30 shots than the
well bonded, but further z,:periments will be necessary to ascertain this and-to impact zhe

substrate and make sure that the threshold velocity for the coated ZnS is actually higher
than the uncoated and that the GeC hasn't put the surface into tension on its application,

The improvement in threshold velocity afforded by the addition of the coating is marginal.
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6 EXPERIMENTAL TECHNIQUES

6.1 THE BRITISH AEROSPACE THERMAL SHOCK RIG

There has long been a need for a standardised thermal shock test that can order a wide

range of materials in terms of their resistance to a thermal shock environment. The
Sseverity of a particular shock event depends critically on' many parameters (Kingery,

1955), such as specimen, size, shape, strength, modulus, surface finish and thermal

properties and the heat transfer rates inflicted by the environment. Many of tihese factors

ame highly dependent on the varying temperature and the ordering of materials can be very
different under different thermal shock conditions. The most obvious example of this is the

strong dependence on whether the event is one of rapid cooling (downshock) or heating

(upshock). It is therefore vital to design the standard test conditions to be as close to

those experienced by a specimen' in the real situation that it is designed to survive.

The situation in this case is that of a front window of a missile exp'.riencing, rapid
aerodynamic heating as 'it accelerates towards its target and the BAe rig shows some
promise in that it provides a temporal heating, profile that is similar to that inflicted on the
window. 'The failure of a specimen is, however, also highly dependant on the spatial

heating profile.

The thermal shock rig was designed and built by British Aerospace in Stevenage
(Graham et al., 1990), and is shown in Figure 30. The apparatus consists of four tungsten-

quartz lamps within' a section of a polished, silver-coated sphere which integrate!; the
light energy from the bulbs and projects it through an aperture in the sphere onto the

surface of the 25 mm disc sample. The number of bulbs lit can be selected and in addition
the power level of one of the bulbs is continuously variable. The temporal power variation

has been shaped electronically to reduce the heating rate in th e first 1.5 s. This is
achieved by switching the power on and off rapidly during this time and has the effect of

producing a heating rate that more closely approximates that experienced by a missile.

The surface of the sample is blackened to improve its absorptivity. For low temperature

experiments thi's is simply achieved by coating the surface in candle soot. At

temperatures in excess of 500 °C, however, the carbon in the soot oxidises and a high
temperature 'paint, must be-used. Once painted the sample is baked to prevent the paint

outgassing during testing and contaminating the sphere. The paint has the disadvantages

that it is difficult to remove after the test, it begins to deteriorate above 650 °C and does
not fully absorb the incident radiation but there is, as yet, no satisfactory alternative.
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ADVANTAGES

1 The Thermal Shock is Reproducible.

2. The Apparatus is Easily Portable.

3. The Geometry is Ostensibly Easy to Simulate Theoretically.

4. The Apparatus 1-i Cheap.

5. The Technique is Flexible. The profile of the thermal shock can be shaped both

temporally (by adjusting the power to the bulbs) and spatially (by masking areas

of the disc).

DISADVANTAGES

1. The Heating Profile is Not Axisymmetric. This complicates the theoretical

analysis of the technique. This can be overcome by, for instance, spinning the
disc..

2. The Test is of Low Severity. The prototype is unable to cause the full range. of
materials of interest to fail. The severity can be increased by masking areas of

the disk and by reducing the disk thickness.

3. The Severity Depends on the Absorptivity of the Test Material. The
paint does not completely absorb the incident radiation and the amount of heating
experienced by the sample therefore depends on its opacity to the incident
radiation. This factor does not affect the thermal shock resistance of an.

accelerating missile window and the test will therefore give an ordering of
materials which is not representative of their ability to survive in the real

situation.

Clearly the prototype and the experimental procedure must be modified to allow the
technique to realise its potential as a universal method for ordering materials in terms of

their thermal upshock capabilities.
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6.2 MEASUREMENT OF THERMAL AND MECHANICAL
PROPERTIES FOR THIN LAYER PROTECTIVE
COATINGS FOR IR MATERIALS

The thin films under investigation are, diamond, germanium carbide and boron

phosphide.These are prospective protective films for infra red transparent window materials.

Their purpose being to increase the useful life of the window by reducing damage caused by

rain and solid particle erosion. In service these materials may be subjected to temperatures as

high as 9000 C, so a high temperature rig was set up which allows the properties to be

measured in an inert atmosphere, at any temperature from room temperature to 900(C.

The film properties of greatest interest are the Young's modulus, thermal expansion , thermal

conductivity and internal sutess. The Young's modulus is an important thin film property as it

provides a great deal of information abuut the nature of thin films, most importantly how they

differ from the corresoonding bulk material. Variation of modulus for a given film type may

reflect differences in crystallinity, orientation and quality of the film. Techniques for the

measurement of Young's modulus include the vibrating reed, Brillouin scattering, bulge test

and micromechanical indenter, of which the vibrating reed and bulge test were selected for

further study. The vibrating reed is a dynamic technique which allows the Young's modulus of

a film to be determined by measurement of the natural, or resonant frequency of vibration of a

specimen clamped at one end, when vibration is induced electrostatically. For simple sample

geometries the natural frequency of vibration can be directly related to the modulus of the

sample. The modulus is calculated by exciting the sample into vibration. Vibration of the beam

is achieved by applying an alternating electrostatic field across the capacitor formed by the

beam and the reference electrode. When the frequency of the excited signal equals that of the

resonant frequency of the beam, the amplitude ofvibration passes thoug a maximum. Since

the beams are electrostatically attracted towards the substrate with either voltage polarity, the

frequency of the excited mechanical motion is twice the applied elec rical frequency. The

modulus of thin films are usually measured using film/substrate corn osite beams, rs this

technique is not suitable for determining the modulus of substrate free fi ins, unless the films

awe completely flat. The use of a composite beam allows the modulus of posited films as thin

as a few huncid angstroms to be deternined. The resonant frequency of e substrate material

(monolithic beam) is determined first. Then the experiment is repeat for the composite

beam. It is from the shift in resonant frequency that the Young's mi ulus of the filn is

calculated. Room temperature Young's modulus Values were calculated for silicon (164IGPa.

germanium carbide (255 GPa) and MPACVD polycrystalline diamond (7- 0 GPa).



The bulge technique on the other hand is a static, experiment which evaluates the mechanical

properties of the thin film under biaxial stress conditions. Prior to testing, the thin film is

deposited on a suitable substrate. The substrate is then etched away over a circular region , thus

producing a region where the film is unsupported. Applying pressure to the film causes it to

deflect as a membrane. The radius of curvature of the bulge is monitored using a Michelson's

interferometer, where the specimen replaces one of the plain mirrors. The deflection of the

centre of the membrane is measured by counting the number of sharp circular fringes produced

as a function of pressure. Using this measurement the radius of curvature of the membrane can
be determined from which the bulge height is calculated. By accurate measurement of the bulge

height as a function of the'applied pressure, the stress strain relationship of the film can be

obtained. Using this relationship and knowing it's thickness, it is pussible to obtain the
Young's modulus of the film to a reasonable accuracy (few percent).

Accurate thermal expansion data is especially important when chosing and developing hard

materials for use as thin film coatings. Optical and transport properties may be directly affected
by thermal expansion of the film and indirectly through stresses both thermal and intrinsic.

induced due to the difference in expansion between the fiim and the substrate. Also the film

adherence to the substrate and the resistance of the coating to thermal stress fracture depends
strongly on obtaining a good thermal expansion match between the film and substrate. The

thermal expansion coefficient of the film is therefore an important parameter when designing

windows. The technique for the measurement of the film thermal expansion uses a combination

of an optical lever method and electronic detection, to continuously observe thermal
deformation. The basis of this technique lies in the fact that at room temperature the sample
(film + substrate) will be curved due to their different thermal expansion coefficients. A change

in temperature causes a change in curvature It is from this change in curvature that the thermal

expansion coefficient of the film can be calculated.

The internal stress is another important film property as its presence within the film not only

affects- the mechanical properties but also other material properties including the optical
properties. Internal stress reduces the adhesion of the film to the substrate which severely

limits its usefulness. The techniques chosen to measure stress are the laser scanning technique.
the bulge test method and the profilometer method. Both the laser scanning and profilometer

techniques are beam curvature methods of measuring stress. That is the stress within the film
can be evaluated by measuring the curvature of the substrate on which the film is deposited.

The laser scanning technique for stress measurement is the same as that used to measure the

thermal expansion, therefore both properties can be measured simultaneously. The same

principle applies to the profilometer technique. Trhe deflection of a substrate beam is measured

using a surface profilometer. Ihk internal stress can be measured in either of two ways. Firstly
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at the free end of the sample clamped at one end, or at the central deflection of the beam

clamped at both ends. The length of the scanned segment should be about 10-15mm. This

technique was used to measure the room temperature stress present in both MPACVD diamond

films and in germanium carbide films. The diamond films were found to be in a state of tensile
stress, with values as high as 0.88 GPa for films ranging from lIjtm to 13/am thick. The

germanium carbide films on the other hand were compressive in nature, with stress values of
around 0.025 - 0.04 GPa for films ranging from 14 - 15 gim -in thickness. The bulge test

technique for measuring stress is the same as that for the measurement of Young's modulus.

For compressive films, once the substrate has been etched away over a circular region, the

unsupported region will bulge without any pressure applied. If the film is tensile in nature

some pressure will be required to bulge the film. The stress is then measured by analysing the

bulge height as a function of pressure. For both types of film the deflection of the bulged film

is related to the total film xtress.
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Solid particle impact of CVD diamond films
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Abstract,

Studies of the dynamic impact and static indentation of chemically vapour deposited

(CVD) diamond films are described. Polished and unpolished CVD diamond films of - 6 to 15

gtm thickness, deposited~on both silicon nitride and silicon substrates, were investigated. hl

the dynamic impact experiments, sand particles with impact velocities of 34 m s"1 and 59 m s-I

were used. Three stages of impact damage were identified; (i) formation of ring cracks, (ii)

partial debonding and penetration of the film, and (iii) full debonding and film removal. The

first stage is similar to what occurs with natural diamond. However, the last stage, i.e., the

material loss mechanism for CVD films, is mainly caused by delamination of the film.

Examination of fracture surfaces using scanning electron microscopy (SEM) showed that

"transgranular fracture of the diamond films was quite common despite the polycrystalline

nature of the films. This suggests that the bonding strength between diamond grains is as

strong as that within the grains. Finally, static indentation with a tungsten carbide ball of

similar size to the sand particles was performed io determine the fracture strength of polished

CVD diamond film and to make, a comparison with the impact experiments. The fracture-

tensile strength for CVD diamond films was found to be - 2.8 GPa. which is much lower than

the reported value of 8.6 to 12 GPa for natural diamonds.
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1. Introduction

Since the first report of diamond deposition on non-diamond substrates from the gas

phase by Spitsyn and Derjaguin [1] in 1981 and the subsequent confirmation by Matsumoto et

al. [2] in 1982 using a modified thermal CVD method, diamond film has attracted a large

number of research groups [31 around the world to explore its new synthesis methods, basic

mechanisms, and applications. The CVD technology developed in the past ten years has

enabled the coating of large area substrates (greater than 30 cm diameter) with thin-film

diamond and the production of thick (greater than I mm) free-standing diamond plates at rate's

exceeding 1mm per hour. It has thus made it possible for many diamond properties 141 to be

utilized in new and innovative applications [5]. One of the most promising applications is the

use of CVD diamond films as coating materials either for protecting various kinds of

substrates, including optical windows, against chemical and mechanical attack, or for

providing low-wear and low-friction surfaces. For these applications, the mechanical

properties of the diamond coatings are crucial. Whether the CVD diamond is as strong as

natural diamond remains an open question. More needs to be known about the role of the

defects in the diamond grains and the bonding between grains. The present work describes

studies of the response of the coatings to low velocity (less than 60 m s-1 ) impact 161 and to

static indentation, from which the mechanical strength of diamond coatings can be measured.

2'. Experimental

2.) Diamond film specimens

Four CVD diamond films were used: (a) polished film (with a surface roughness of X

nm CLA and a film thickness of - 15 gIm), deposited on a silicon nitride substrate by

microwave plasma CVD; (b) unpolished film (with a surface roughness of I mim CLA and a

film thickness of - 6 mim), deposited on silicon by hot filament CVD with (I(X)) facets

dominating; (c) unpolished film. The prep'ration method, surface roughness, thickness and
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substrate were the same as (b), but diamond grains with (11) facets dominating, and (d)

unpolished free standing film deposited by hot filament CVD with a grain size of 2-4 prn and a

film thickness of 25 pm. Films (a), (b) and (c) were used in the solid impact experiments and

film (d) for fractographic study following bending. Film (a) was also used in static indentation

experiments to determine fracture strength and to make a comparison with results obtained

from impact experiments. Figure 1 shows optical and SEM micrographs of the CVD diamond

films used in the present work. Detailed information about the preparations and

characterizationr of the CVD diamond films can be found in references 17,81.

2.2 Solid particle impact experiments

A schematic diagram of the solid particle impact apparatus is shown in Figure 2a. It

"uses a fast gas stream to accelerate the particles along a steel tube. The particles are fed into the

steel tube from a sand reservoir using compressed air and the' flux is controlled by means of a

turn-table in the reservoir. The impact velocity of the particles was measured using a cross-

correlation method to an accuracy of 4%. The specimen was mounted on i colder which was

placed near the exit of the steel tube and a thin rubber sheet with a hole of - 4 mm diameter was

used to define the impact area. The solid particles used were natural sieved sand grits with

dimensions of 300 to 600 pin and of a block-type shape (Figure 2b). The mean particle mass

was 190 pg.

The experiments involved first exposing a specimen to the impact of sand particles for a

certain time,, then 'examining the damage by using optical microscopy and SEM. Normal

impact (impact direction 9W to the'specimen surface) was chosen because'this caw|,cs

maximum damage with brittle materials. The flux ,rate was 4.6 kg n- 2 si. Two impa:1.

velocities, i.e., 34 m s 1 and 59 m s-, were chosen for the experiments. All experime vere

performed at ambient conditions with a temperature of -230C and a relative humiditi ot 5()r/(.
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2.3 Static indentation experiments

Static indentation was performed to determine the fracture strength of the polished CVD

diamond film and to make a comparison with the results obtained from the impact experiments.

They were performed using an Instron 1122 machine, operated at a loading speed of 0.05 mm

mrin-. A tungsten carbide ball with a Young's modulus of -650 GPa, a hardness of - 18 GPa

and of 0.39 mm diameter was used as the indenter. An optical microscope, viewing the

indented surface from an angle of - 300, was used to monitor the presence of a ring crack after

the indenter was lifted. A Nomarski interference optical microscope was also used to

photograph the ring crack and loaded area. The fracture strength was obtained, from Hertz

theory (Appendix 1) by using the measured critical load and ring crack size.

3. Results and Discussion

3.) Sand particic impact of polished CVD diamond film.v

In these experiments impact velocity and exposure time were varied and the conditions

for film cracking and delamination obtained. The first expe.riment was performed at an impa'ct

velocity of 59 m s-I, with a flux rate of 4.5 kg m- 2 s-1 and an exposure time of 10s and rin,-

cracks were foo nd on the surfaces after impact. The experiment was then carriedout at a lower

sand velocity, i.e., 34 m s-i, with the same flux rate and for the same time of exposure. and

again ring cracks were formed on the surface., b'ut with a lower crack density (see FigUre 3a

and 3b). There was no significant difference in the sizes of ring cracks observed at these two

velocities. No diamond film removal occured at this stage for both impact velocities.

Experiments were then performed at an impact velocity of 59 m s" for an incre.:sed

time of impact. It was found that film removal from the substrate started after an exposure time

of -70s. Figure 4a shows an SEM micrograph of the area'where the film has delaminated.

Figure 4b is an optical micrographs from the edges of the -impacted area. The edge shape
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shown in Figure 4b appears to follow the boundaries defined by ring cracks. However, this

feature was not found everywhere.

The film surface adjacent to a delaminated area can be used to study what happens just

before film removal starts because of the lower impact flux in this area due to the shadowing

effect the rubber mask. Examination by optical microscopy showed that the film surface

became increasingly wavy (which is particularly clear when the surface is looked at from a

glancing angle) compared with oher areas. This is presumably due to partial debonding of the

film from the substrate. The fractured edge tends to curve out of the substrate surface because

of residual stresses in the film. An examination of the same surface area with SEM (Figure 4c)

also shows that penetration of the film has also taken place at this stage of impact damage.

The damage process for a CVD diamond film by sand particle impact follows the

sequence: (i) formation of ring cracks, (ii) debonding and/or penetration of the film. and (iii)

removal or delamination of the film from the substrate. The formation of ring cracks at the

initial stage is a typical fracture phenomenon for brittle materials. This was also observed in

the impact of natural diamond by sand particles using the same apparatus 191. However, the

material removal mechanisms are very different;, in the case of CVD diamond, the premature

removal of the film is caused by the delamination; while in the case of natural diamonds it

occurs only when ring or cone cracks intersect to separate small volumes of diamond from the

,bulk.

3.2 The fracture mechanisms

The fracture mechanism of CVD diamond was then studied by examining fracture

surfaces caused by sand impact using SEM. Figure 5a shows a fracture surface on a polished

CVD diamond film where a half ring crack occurs near the film edge. The fracture surface is

so smooth that it is difficult to see any individual diamond grains. Because CVD diamond

films arm usually polycrystalline it is desirable to know whether grain boundaries are weak

points or no ,. In order to clarify this question, experiments were.arried out using unpolished

5



CVD diamond films, in which grains and grain boundaries could easily be identified. In these

experiments, the impact velocity was 34 rn s-1.

Figure 5b shows a fractured edge on a (100) facet dominated diamond film. The

arrowed region clearly indicates a transgranular fracture across a crystal. Figure 5c shows a

similar micrograph for a (111) facet dominated film, where a single crystal was clearly cut

through by a crack. These results show that transgranular fracture is common with CVD

diamond films impacted by sand particles. However, it is not clear whether the transgranular

fracture initiated inside a grain or from a grain boundary

Since the fracture surfaces described above were produced by dynamic loading. It is of

interest to determine whether transgranular fracture can also take place under static loading

conditions. Fracture surfaces produced by bending a piece of free-standing film were

examined. Figure 6 shows SEM micrographs obtained at the same area with different view

angles. They again show transgranular fracture.

Transgranular fracture of CVD diamond films has also been reported by Hoff et al.

1101, Mecholsky et al. [111. This phenomenon appears to be quite common with CVD

diamond films and suggests that either strong bonding between diamond grains exists in them

or the diamond grains arn much weaker than single crystal natural diamond because of their

high defect density. Fallon and Brown 1121 found that the grain boundaries of CVD diamond

films are composed mainly of diamond rather than other forms of carbon. 'This result also

suggests that the bonding between diamond grains can be as strong as that within the grains.

3.3 Fracture strength of CVD diamond film

The fracture strength of the film'can be estimated by measuring the contact area and

calculating the impact force during erosion using Hertz theory, assuming that the contact

between the sand particles (treated as sphere) and the CVD diamond film (treated as a half

space) is elastic and quasi-static (for details wee Appendix 11). The effects of film thickness and'

,adhesion between film and substrate are temporarily ignored in this calculation and will be
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discussed later. The results are given in Table 1, together with results from erosion

experiments on natural diamond. In .he calculation (see also Figure 8) the following elastic

cci, stants for the sand particles and natural diamond were used: E0=65.7 GPa, vo=0.25,

R=150-300 I.tm (two values are given for each radius), p=2650 kg m- 3, E=l 140 GPa, Xu

-0.07.

Table I shows that the measured sizes of ring crack are generally in good agreement

with the values estimated, consotdering that the sizes of sand particles range from 3(X) to 6(X)

Ium and that the sand particles are not spheres as-assumed (Figure 2b). The observed ring

cracks are similar to those found in the erosion of natural diamond 191. However, the critical

load, or impact velocity, for producing ring cracks in these two kinds of diamonds for the same

time of impact (10s) by sand particles are very different. For the same particle size, for

example, R=150 g.m, the critical load of CVD diamond film is smaller than 14 N, while for

natural diamond it is - 62 N. It appears that the CVD diamond film is weaker than bulk natural

diamond. This can also be seen in the critical contact pressures of < 5 GPa and - 8 GPa for

CVD diamond film and bulk natural diamond, respectively. These strength data can only be

regarded as rough estimates because of the uncertainties in the determination of the critical load.

the particle size and shape, and the effects of the substrate. In order to measure the fracture

strength of the CVD diamond film more accurately, static indentation experiments were

conducted.

3.4 Fracture strength measured by static indentation

In this technique the load and the indenter geometry can be controlled. Moreover.

critical- load and ring crack size can be measured. Therefore. meaningful comparisons between

experimental results and calculated values can be made. The results are given in Table 2.

Figure 7 shows a typical ring crack produced by indentation. In Table 2 .the measured ring

crack diameter is larger than the calculated values. Assuming a half space of diamond film. the

measured value is -30% larger than the calculated diameter, while. in the case of assuming a

half space of silicon nitride it is - 6% larger. This is a reasonable agreement. c(',nsidering that
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(i) the actual Young's modulus of CVD diamond films are usually lower than tha, of natural

single crystal diamond 113-151, resulting in a larger contact area, and (ii) it is wt!!-known that

the measured diameters of the ring cracks are usually between 10 to 30 % larger than the

calculated elastic contact diameter [16-191.

In a theoretical analysis of the elastic contact size in a coating system, EI-Sherbiney and

Hailing [201 found that for a coating system consisted of a hard coating with a Young's

modulus i.sout three times the substrate and a coating thickness of t/a,, -0.5 (where t is the

coating thi. kness and ao is the contact radius calculated by Hertz theory),' the actual contact size

on the coating surface is almost the same as that given by the.Hertz equation assuming a half

space of the costing material. This is the case for the present work. A similar result was also

found in the theoretical analysi ; of the stress field for hard coating systems by van der Zwaag

and Field 121 '. This analysis explains why the measured values were in good agreement with

the calcuiated values in spite of the assumption that the interfacial strength between diamond

film and the substrate is perfect. Wu et al.[221 found that the interfacial strength of thin (-0. 1

gIm) diamond-like carbon films on a silicon substrate has a great effect on the strength of the

film measured in an indentation fatigue experiment. The small influence of interfacial strength

on the size of ring cracks, and the strength measurements for the CVD diamond film in the

present study is probably due to having a relatively thicker film (t/a > 0.5). However. the

interfacial strength still plays an' important role in the material removal prtoess as shown in the

present work.

Table 2 gives a critical contact pressure (load divided by crack area) of'3.2 GPa for the

formation of a ring crack by static indentation. Compared with the contact pressures gi6,0n in

Table I it appears that the diamond 1:*."r was overloaded in the impact experiments. The ertical

contact pressure under static indentation correspends to a radial tensile stress of -2.8 GPa for

the diamond film. This is comls.-able to the fracture strength (HI to 5 GPa) measured by

Windishmann 1141 for CVD diamond films, using a Bulge test technique. Using an indentation

technique, Howes 1231 measured the fracture strength of natural diamonds wi!h 0.5 mm

tungsten carbide balls, and reported values from 10.5 to 13.5 GPa for the contact pressures.' .1
,+ • .8
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giving radial tensile stresses in the range of 8.6 to 12 GPa depending on the particular

crystallographic face that was indented. These values are much higher than that of CVD

diamond films. This is presumably due to the high density of defects and the presence of

residual stresses in the CVD diamond films.

4. Conclusions

CVD diamond films 'were studied by means of sand particle impact as well as static

indentation experiments. The following conclusions can be drawn from this study:

(a) The impact damage of CVD diamond films proceeds with (i) formation of ring

cracks, (ii) debonding and penetration of the film, 2md (iii) removal of the film due to

delamination from substrate.

(b) For the CVD diamond films used (with a thickness of -15 gm and a thickness to

contact radius ration of - 0.5), Hertz theory allows the fracture strength to be estimated

reasonably accurate.

(c) The tensile strength of CVD diamond film is - 2.8 GPa. It is lower than that of a

natural diamond, which is - 8.6 and 12 GPa obtained uader similar conditions.

(d) Transgranular fracture of'the film is very common. suggesting that bonding

between diamond grains is as strong as that of the diamond grains themselves.
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Appendix I

Hertz theory of elastic contact [24]

For a sphere of radius R in contact with a half space under a load, F, the radius of the

circle of contact, a, and the maximum tensile stress at the contact circle, am, are given by:

a3 4 FRk

1-2ua
-m=y--F (1-2U) Dm , (2)

2na
2

9 •2) E.

where k= 6 and E, u and Eo, i 0 are the Young's moduli and Poisson ratios

of the half-space and the indenter respectively. Pm is the mean pressure between the indenter

and the flat specimen.

Appendix II

Theory of single particle impact 1251

For a sphere of radius R impacting with a half space at a veloc-ity of V (Figure 8).

Hertzian contact theory can be applied, provided that the contact circle 'expands at a rate less

than the velocity of elas ic waves and quasi-static analysis conditions are satisfied.

The maximum ked Fm is given by,

F 3(.-)3/3 (4k -2/5 R2 V6/5

12



The mean pressure is

Pm 3 '( 1/S5 (4k)" 4 /5 V2/5 (4)-n 3 3E

The maximum contact radius is,

am= 7F7 .(5)

SCPm

where p is the densityof the impacting sphere and other parameters are as previously defined.

I
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Figure captions

Figure 1

CVD diamond specimens. (a) polished film on a silicon nitride substrate with a thickness of

-15 gim, (b) unpolished film on a silicon substrate with a thickness of - 6 p.m and showing

(100) crystal facets, (c) unpolished film on silicon substrate with a thickness of - 6 gm and

showing (111) crystal facets, (d) unpolished free standing film with a thickness of - 25 gm.

Figure 2

Erosion apparatus (a) and sand particles (b).

Figure 3

Optical micrographs of eroded CVD diamond film surfaces obtained at an impact velocity of -

34 m s-I for lOs. (a) near the edge and (b) at the central area.

Figure 4

Optical and SEM micrographs of CVD diamond film surfaces obtained after impact at a velocity

of -59 m s"1 for 70s. (a) exposure area where film has been delaminated, (b) an area near the

broken edge, (c)'an SEM micrograph in the same area as (b).

Figure 5

SEM micrographs of fractured surfaces produced by, sand particle impact. (a) on the polished

film, (b) on the unpolished (100) facet dominated film, (c) on the-unpolished (,I I) facet

dominated film.

Figure 6

SEM micrographs of fractured surfaces produced by bending a free standing film to fracture.
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Figure 7

A typical optical micrograph of the ring crack produced by indenting a tungsten carbide ball on

the polished microwave plasma CVD diamond film deposited on silicon nitride.

Figure 8

A. schematic diagram of Hertz contact for calculating the contact size and load in the static

indentation and impact experiments. E4 tt and E, %) are the Young's moduli and Poisson ratios

of the sphere and the half space, a is the radius of contact and r the radius of ring/cone crack.

15



Table 1. Results of erosion'experiments

Measured Calculated Calculated
Impact Calculated

diameter of diameter of contact
Material velocity impact load

ring crack contact ara/ pressure/m rs"1 /IN

__ra _ _me_/ GPa

CVD dia. film 34(10s) 38-96 54-108 14-57 5.0

Nat. dia. bulk 34 (1000s) 42b 54 -108 14 - 57 5.0

Nat. dia. bulk 140 (lOs) 150b 95-189 62-247 8.8

a. Measured from optical micrographs.

b. Averaged value.

c. Calculated from Hertz theory using particle diameters of 150 to 300 jim.

Table 2. Results of static indentation experiments

Tungsten Chfical load Measured Calculated Critical Tensile
carbide ball for ring crack diameterof diameterof contact strength

ring'crack contact pressure
/mm N / /jm / GPa /GPa

A.3. ,., 56 4 38-/53b 3.2 2.8

0.5c 10 -103.5c 18- 12

a. Assuming diamond film as half space. b. Assuming silicon' nitride as half space. using
F.=3'10 GPa (hot pressed), u,--0.26. c. Obtained from reference 141 for natural diamond.
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